ABSTRACT In order to meet the requirements of corrosion resistance of the grounding material and thermal stability of the grounding material of the transmission line towers, under the condition of power frequency current and high-frequency lightning current scattering into the ground in the case of short-circuit fault and lightning strikes, a kind of high-current capability flexible graphite grounding material was developed. The corrosion resistance of the flexible graphite grounding material and the steel type grounding material was compared by the soil simulation solution corrosion tests. The contact performance with different soils of the two materials was analyzed by the actual contact resistance measurement test. The thermal stability and the impulse current effective length of this grounding material were studied by means of simulation calculation. The results show that the high-current capability flexible graphite grounding material has a strong anticorrosion characteristic, whose reliable service life can exceed 30 years. Compared to the round steel grounding material, the contact resistance with the soil can be reduced by approximately 30%, and the impulse current effective length can be increased by about 30%.
I. INTRODUCTION
With the continuous development of the power grid, the requirement for safe and stable operation of transmission lines is also increasing. The lightning stroke fault of the transmission line is the first major factor threatening the stable operation of the transmission lines [1] , [2] . Most tropical countries, several southern states of the United States, several regions of Japan, China and Australia, experience heavy annual lightning occurrence density [3] , [4] . With the continuous improvement of lightning protection technology, engineers and researchers had conducted in-depth research on the transient characteristic of lightning strike [5] , [6] . According to the operation experiences, reliable grounding was one of the keys to lightning protection of the overhead transmission line. The low-resistance, long-term and stable grounding device was an important guarantee for safe and stable operation of the power system [7] .
For a long time, copper, steel, and other metal materials had been the main materials of the power system grounding device [8] . However, there was a serious corrosion pheThe associate editor coordinating the review of this manuscript and approving it for publication was Ildiko Peter. nomenon of the traditional steel grounding material buried in the soil for a period of time, which had also become a bottleneck problem affecting its service life [9] , [10] . Due to the large elastic modulus of metal type grounding materials and their intrinsic incompatibility with the plasticity of the soil, the effect of electrical ''connection'' was poor; the steel type grounding material with large relative magnetic permeability had serious inductance effect in large-scale grounding grids. The problem of the impulse current effective length of the grounding electrode when flowing through high frequency lightning current had not attracted sufficient attention.
Aiming at the corrosion problem of the steel grounding material in engineering, some non-metal grounding materials had emerged, of which one of the most widely used was the flexible graphite grounding material [11] - [13] . However, the power frequency short-circuit current of the transmission line also need to pay more attention. The short circuit current value flowing through the faulty tower can reach hundreds or even thousands amperes. Its ability to withstand the power frequency short circuit current of the transmission line remains to be improved.
In order to solve the existing problem and provide a better guarantee for the safe and stable operation of transmission lines, a kind of high current capability flexible graphite grounding material was developed. Firstly, this paper introduced the preparation progress and structure of this material. Secondly, its contact performance, corrosion resistance, thermal stability and impulse current effective length were studied by comparison and analysis with the traditional steel grounding material. Finally, the practical application effect of this material was analyzed combining with the actual grounding engineering.
II. PREPARATION PROGRESS AND STRUCTURE
The raw material of this material includes high-purity crystalline flake graphite, chemical fiber, adhesive, conductive adhesive and copper wire. Among them, the purity of the crystalline flake graphite should meet the requirement of not less than 95%. The chemical fiber was used to enhance the mechanical properties, the tensile strength of the chemical fiber should be greater than 2 GPa, and which should also has the characteristic of corrosion resistance and easy processing. The adhesive was used to hold the graphite paper and the chemical fiber. The conductive adhesive and copper wire were used to enhance the overall electrical conductivity of this material.
This material adopted reinforced fiber as the skeleton, and the high-purity expanded graphite was used as the main body. It was pressed after being coated with the adhesive, and the VOLUME 7, 2019 FIGURE 2. Flow chart of the productive process. high-density and high-conductivity flexible graphite grounding material was obtained finally. The general preparation progress of this material as follows:
(1) Expanded graphite was produced by the highpurity crystalline flake graphite after high temperature and acidification.
(2) Then the graphite paper can be obtained by rolling the expanded graphite.
(3) The two layers of the graphite paper and chemical fibers were tightly bonded and pressed together by the adhesive through dipping process and heat curing process.
(4) The two layers structure of the graphite paper was cut into fine filaments with the same width, then the filament was twisted into the graphite wire.
(5) The conductive adhesive was used for coating the graphite evenly, tightly and integrally on the surface of the copper wire, which we call it graphite-coated copper wire.
(6) Finally, the high current capability flexible graphite grounding material was woven with the graphite wire and graphite coated copper wire.
The picture and flowchart of the productive process are shown in Figure 1 and Figure 2 .
The structure schematic of the high current capability flexible graphite grounding material is shown in Figure 3 .
In the structural design of the flexible graphite grounding material, reference was made to the structural principle of the Litz line (German: Litze Draht, meaning ''woven line''). The structure of the graphite flexible grounding material was established by combination of the graphite-coated copper wire and toughened flexible graphite wire, and considering the layout of flowing-current conductor and scatteringcurrent surface.
The inner layer of the material was uniformly arranged by a plurality of the graphite wire and graphite-coated copper wire. The outer graphite wire was woven from the graphite wire.
Through this structural design, the skin effect and inductance effect of the grounding material under the action of high frequency lightning current or short circuit current can be effectively reduced.
III. GROUNDING CHARACTERISTICS A. SOIL SIMULATION SOLUTION CORROSION TEST
According to the different pH of the soil, it can be divided into acidic soil, neutral soil and alkaline soil. In order to further analyze the corrosion resistance of the high current capability flexible graphite grounding material, the corrosion rate was measured by using soil simulation solution corrosion test.
In the test, distilled water was used to prepare the salt solution. At the same time, the pH of the soil simulation solution was adjusted by Acetic Acid and Sodium Hydroxide. The soil simulation solution of the corrosion resistance test is shown in Table 1 .
The corrosion test samples of the Q235 carbon steel and the flexible graphite grounding material of the same size were prepared. Those test samples were put into the five soil simulation solutions with the above pH values of 3.10 to 8.80 respectively to simulate different soil corrosion conditions. The diagram of the soil simulation solution corrosion test is shown in Figure 4 . In order to eliminate the error, a parallel test method was used to measure the corrosion resistance of the two materials respectively. In the process of corrosion resistance tests, attention should be paid to the change of the soil simulation solution level in each container, which should be replenished in time to the initial level. The corrosion resistance tests lasted for 190 days.
Before starting the test, drying the test samples, the weight of those test samples was weighed using an analytical balance with an accuracy of 0.1 mg, and the corresponding data was recorded. When the test was completed, those test samples in different soil simulation solutions were washed 59782 VOLUME 7, 2019 with the deionized water. The corrosion layer on the surface of the steel sample was wiped off with a rust remover, and cleaned again with Acetone. After drying, the weight of those test samples were weighed again by analytical balance. By using the weight loss method to measure the corrosion rate of the grounding material before and after the corrosion test. Calculating the corrosion rate is shown in equation (1) .
where v w is the corrosion rate of the test samples; S is the area of the test samples; t is the test time; w 0 and w are the weight of the test samples before and after the test. The annual corrosion rate of the two grounding materials is shown in Figure. 5. The results showed that annual corrosion rate of the high current capability flexible graphite grounding material was about 0.13 g/(dm 2 ·a), which was much lower than that of the Q235 carbon steel. The high current capability flexible graphite grounding material was not limited by the soil conditions, its corrosion resistance was significantly better than that of the steel grounding material, whose reliable service life can exceed 30 years.
B. CONTACT PERFORMANCE WITH THE SOIL
The actual grounding engineering design was based on that the grounding material was ideal contact with the soil, however the contact resistance had not attracted enough attention, and the accurate estimation of the grounding resistance margin was lacking. It was easy to appear that the actual grounding construction was difficult to meet the requirement of design standards in special soil areas (such as rock areas and permafrost areas). Therefore, the contact performance with the soil between the round steel and the high current capability flexible graphite grounding material was analyzed through a comparison test.
1) MEASUREMENT METHOD
When measuring the contact resistance of the grounding electrode with the soil, the single side aluminum plate can be used as the return electrode of the current by injecting the AC current into the grounding electrode. The measurement principle diagram can be equivalent to a series circuit made up of the contact resistance R 22 between the grounding electrode and the soil, the soil resistance R a2 , the contact resistance R 21 between the aluminum plate and the soil. The measurement method diagram as shown in Figure 6 .
The total resistance R of the circuit can be calculated in equation (2) .
where U is the voltage measured between the grounding electrode and the aluminum plate; I is the total current flowing through the circuit. The soil resistance R a2 can be calculated by using the finite element method.
where W i is the thermal power of the number i soil unit volume.
The contact resistance R 21 between the aluminum plate and the soil can also be derived by using the finite element method. where R 01 is the contact resistance between the aluminum plate and the soil of per unit area; S i is the area of the aluminum plate unit i. From equation (2) to (4), we can know that the contact resistance between the grounding electrode and the soil can be calculated with equation (5).
2) CONTACT PERFORMANCE TEST
In order to measure the contact resistance of the high current capability flexible graphite grounding material under different soil conditions and compare it with the round steel grounding material, both the two materials with a diameter of 28 mm were used as the research objects. (The steel with a diameter of 28 mm was not used frequently in actual grounding engineering, but in order to ensure the consistency of the contact area between the grounding electrode and the soil, choosing the grounding material of the same diameter.) In order to simulate different soil conditions, the tests were carried out under eight soil conditions respectively, and the specific mass ratios of the soil condition are shown in Table 2 .
The measurement of the contact resistance was carried out in an organic glass box with a length, width and height of 300 mm × 200 mm × 200 mm. A circular hole with a diameter of 29 mm was located at the center of the bottom plate to ensure that the grounding electrode was arranged at the center of the test box. The left and right sides of the test box were the aluminum plate of 200 mm × 200 mm × 2 mm, which served as the current injection and return electrode respectively. The layout of the test platform is shown in Figure 7 .
The calculation of the contact resistance between the grounding electrode and the soil needs to be completed with four steps: firstly, placing the grounding electrode in the test box and filling in different soils, then connecting the test circuit; secondly using the four-electrode method to measure the soil resistivity; thirdly the soil resistance R a2 and the contact resistance R 21 between the aluminum plate and the soil were equivalently calculated based on the finite element method; finally, the grounding electrode was used as the current injection electrode, and the single-sided aluminum plate was used as the current return electrode. The contact resistance R 22 of per unit area between the grounding electrode and the soil can be calculated from equation (3) to (6) . The contact resistance of per unit area of the grounding electrode under different soil conditions is shown in Table 3 .
The actual measurement results showed that when the soil particle size was very small and the resistivity was low, it can be considered that the contact resistance of per unit area of the two materials was almost the same. When the soil particle size was large and the soil resistivity was high, the contact resistance of per unit area between the grounding electrode and the soil can not be ignored.
According to the contact resistance test results of the eight different soil conditions, it can be seen that the contact resistance of per unit area of the flexible graphite grounding material can be reduced by about 30% on average compared to the round steel material.
C. THERMAL STABILITY
In order to compare and analyze the thermal stability of high current capability flexible graphite grounding material and 59784 VOLUME 7, 2019 steel grounding electrode under flowing through the same current condition. The finite element method was used to calculate the grounding impedance of the grounding material at different frequency currents and the temperature rise under the action of a short circuit current of 3 kA/1 s. The parameters of the two grounding materials are shown in Table 4 .
The research objects selected the round steel with a diameter of 10 mm, the flat steel with a cross section of 20 mm × 4 mm, and the high current capability flexible graphite grounding material with a diameter of 28 mm which respectively containing 9 copper wires (1.4 mm in diameter) and 18 copper wires (1.0 mm in diameter). The copper wire adopts dispersive structure arrangement. The finite element method was used to calculate the equivalent impedance of the grounding electrode under the action of different frequency currents, and the corresponding result were extracted according to the amplitude and phase of the voltage and current. The external environment of the grounding electrode was air, and the initial temperature of the air is 25 • C. The calculation results are shown in Table 5 .
From the calculation results, it can be seen that the copper wires in the flexible graphite grounding electrode adopted a decentralized structure design, which can greatly reduce the high frequency impedance and the short-time high current temperature rise dropped significantly at the same time. The high current capability flexible graphite grounding material had a good thermal stability compared with the steel material. 
D. IMPULSE CURRENT EFFECTIVE LENGTH
Due to the end effect and inductance effect, the grounding electrode has an impulse current effective length when the impulse current scattering into the soil [14] , [15] . However, the impulse grounding resistance is not linearly decreased when the power frequency grounding resistance decreases, and there is a saturation phenomenon [16] . Therefore, it is necessary to study the impulse current effective length of the high current capability flexible graphite grounding material. The parameter of the two materials are shown in Table 4 . The amplitude and waveform of the lightning current was set to 30 kA and 8/20 µs respectively. The soil resistivity was 500 ·m. The calculation model was a single vertical grounding electrode is shown in Figure 8 . The impulse grounding impedance changes with the length of the grounding electrode is shown in Figure 9 .
In this paper, the impulse current effective length of the grounding material was defined as that when the derivative of impulse grounding resistance R L to the length of grounding material L was less than one certain value.
where α is the angle between the tangent and the horizontal direction of the point on the curve that satisfies equation (6), and generally α takes as 5 • , that is tanα = 0.087. When the electric field strength exceeded the critical breakdown field strength of the soil, a partial spark discharge would occur, and the effect can be regarded as the size of the grounding electrode and the conductivity of the soil were increased. The relationship between the initial breakdown field strength E 0 of the soil and the resistivity ρ was given in reference [17] .
where E 0 is the critical breakdown field strength.
Based on the above definition, an iterative algorithm of equivalent radius was used to calculate the impulse current effective length of the flexible graphite grounding material and the steel grounding material under the condition of considering the spark effect or without spark effect [18] . The results are shown in Table 6 .
When considering the spark effect, the impulse current effective length of the electrode was reduced, but the effective length increase percentage increased. The inductance effect of the round steel grounding material was stronger when considering the spark effect, which further hindered the current flowing to the distal end of the grounding material, resulting in a shorter impulse current effective length. The impulse current effective length of the flexible graphite grounding material was about 30% longer than that of the round steel grounding material.
IV. PRACTICAL ENGINEERING APPLICATION
The applications of the flexible graphite grounding material were currently available in 110 kV, 220 kV, 500 kV AC transmission towers, and ±800 kV, ±1100 kV DC transmission towers in China. The actual applications of the transmission tower grounding grids had been completed in some mountainous areas with serious corrosion, high lightning strike rate areas, and high soil resistivity areas. Good results of the practical engineering application had been achieved in typical soils such as saline-alkali soil, neutral meadow soil and acid red soil. Figure 10 showed the diagram of the actual corrosion of the round steel grounding grid in a 220 kV and 500 kV transmission tower, as well as the schematic diagram of the actual engineered grounding grids using the scheme of laying the grounding electrode in the same ditch. The results in Table 7 showed that in the two typical transmission towers, the grounding resistance of the flexible graphite grounding grid was reduced by 23.23% and 32.61% respectively compared to the round steel grounding grid. To a certain extent, it showed that the flexible graphite grounding material had a reliable engineering application value.
V. CONCLUSION
The structure scheme of the flexible graphite grounding material proposed in this paper significantly enhanced its corrosion resistance, reduced its contact resistance with the soil, reduced the high-frequency impedance, and the shorttime high-current temperature rise was also greatly reduced. The expected service life of the flexible graphite grounding material can exceed 30 years. Under the condition of large soil particle size and high resistivity, the contact resistance of per unit area of the flexible graphite grounding material with the soil is reduced by about 30%. The impulse current effective length of the flexible graphite grounding material is more than 30% longer than that of the round steel grounding material. The flexible graphite grounding material has an important engineering application value for the long-term safety of the grounding system.
